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Abstract 
This paper presents the details of a new innovative cold-formed steel building system that has 
no conventional frames, pUrlins or girts. As this building system uses a new structural 
system, the load paths and structural behaviour are unknown, therefore, full-scale testing is 
essential. A series of full-scale tests of a 5.4 m x 5.4 m cold-formed steel building subjected 
to simulated wind loads was conducted. The results have shown that in its present state, this 
new building system is not adequate for its intended purpose and optimisation is required. To 
achieve this optimisation, analytical modelling will be used. To date, a number of finite 
element models have been created to simulate the behaviour of the test building. The details 
and results of these models are presented in this paper. 
Introduction 
Cold-formed steel structures have been in service for many years and are used as shelters for 
both domestic and industrial purposes. To produce an economic product, manufacturers have 
typically based their designs on the simple portal frame concept. As there is almost a direct 
relationship between overall cost and the weight of steel in a portal frame structure, it is of 
great importance to provide a structure with the minimum amount of steel whilst providing 
structural adequacy. Portal frame sheds have been refined continuously for many years with 
only minimal amounts of savings in steel. Therefore, to provide even greater savings in steel, 
a new innovative building system is required. Such a building system has been developed, 
but research is required to verify its structural adequacy. This recently developed building 
system has two key differences to that of the portal frame structure. These differences are that 
the new structure has no conventional frames or framing system, and it has no purlins or girts. 
This results in this new structure being essentially fabricated from cladding, which 
significantly reduces the quantity of steel. However, the key problem with this structure is 
that the load paths and structural behaviour are unknown, and therefore the structure cannot 
be analysed using conventional methods. Therefore, to determine the adequacy of this 
structure, full-scale testing is essential. A full-scale test program has been completed and a 
number of complex finite element models have been created so that these analytical models 
can be used to optimise this innovative building for suitable use in the domestic market. 
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The test structure has representative dimensions of a typical domestic sized portal frame shed 
(two cars wide by one car deep). It has a span of 5440 mm, a length of 5440 mm, an eaves 
height of 2300 mm and a 10° roof pitch. An overall view of this innovative 'Frameless' 
structure can be seen in Figure I. The cladding used was manufactured from cold-formed 
0.42 BMT G550 steel sheeting (550 MPa minimum yield stress). The cladding has a custom 
profile which makes up both the wall and roof panels, and is shown in Figure 2. The ribs of 
the panels have a height and width of 68 mm and 34 mm, respectively and the pan has a 
length of 620 mm. The ribs of these panels were overlapped to produce the desired length of 
the structure. The ribbed sections of the structure have twice the material thickness of the 
pans as a result of the overlapping. One bolt in the centre of the ribbed section has been used 
to hold the overlapped ribbed section together. The test structure has eight panels in length 
and eight panels in width. 




Figure 2 Cladding Profile 
The roof and wall panels were connected together with moment resisting brackets at the base, 
knee and apex of the structure. The brackets were manufactured from a 1.5 mm thick grade 
G450 steel. They were slotted within the ribs of the cladding panels and were bolted with six 
bolts on each half of the knee and apex brackets, and six bolts in total for the base connection. 
538 
To achieve a fixed base connection, the base bracket was cast into the concrete slab. Details 
of the base, knee and apex connections can be seen in Figures 3(a), (b) and (c). 
(a) Base connection (b) Knee connection (c) Apex connection 
Figure 3 Connection Details 
Wind load and live load simulations have been achieved with the use of 23 pneumatic 
actuators in conjunction with a moderately complex load distribution system (see Figure I). 
The actuators have been calibrated so that an accurate loading can be applied to the test 
structure. Precision pressure regulators were used to control the pressure to the actuators. To 
eliminate any unwanted local buckling and stress concentrations, a 50 mm high density foam 
was placed between the loading plate and cladding. Each load distribution system had eight 
loading points. This loading system applied 64 vertical loading points for the live load case, 
64 vertical and 108 lateral loading points for the crosswind and longitudinal wind load cases. 
The test program was divided into two testing phases; non-destructive tests and a destructive 
test. All of the applied loads to the test structure have been determined in accordance with 
AS 1170 (SA, 1989). For the non-destructive tests, live load, cross wind and longitudinal 
wind loads were applied. A cross wind load was applied for the destructive test. A design 
load calculated from an ultimate wind speed of 41 mls was applied to the test structure for the 




Location of Strain Gauges and Displacement Transducers 
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To calculate the bending moments in the brackets of the test structure, strain gauges were 
used to record the strains at the top and bottom flanges of the base, knee and apex brackets of 
frames 3, 5 and 7 (see Figure 4). Strain gauges were also used at the overlapped ribb\!d 
sections of the cladding at approximately 100 mm from the top of the left base bracket and 
100 mm from the bottom of the left knee bracket (frame 5 cladding) in order to investigate the 
transfer of moments from the base and knee brackets to the wall sheeting. Strain gauges have 
been used at both sides of the ribs and flanges so that both membrane and flexural strains 
could be calculated. Vertical deflections were recorded at the frame 3, 5 and 7 apex brackets 
and horizontal deflections were recorded at the right knee brackets of frames 3 and 5, and at 
the left knee of frame 5 (see Figure 4). All deflections were recorded using displacement 
transducers. 
The results concluded that the test structure had a fixed base connection and that the structure 
transferred loads to the foundation via frame action, while some amount of diaphragm action 
was present for the crosswind load case. It was also concluded that the ribbed sections of the 
cladding panels were used as a load path for the moment to transfer from brackets to the 
foundation, and that one bolt to restrain the ribbed sections of the cladding panels together 
was not sufficient to force the overlapped ribbed sections to behave compositely. The test 
structure also suffered from extremely large deflections and is unlikely to be accepted by end 
users. A critical failure of the cladding at the left knee brackets at the central three 'frames' 
was also observed (see Figure 5). This failure was the result of a complex interaction 
between the high compressive strain in the rib of the cladding panel and the tensile strain 
provided from the bolted connection. This failure clearly demonstrated that the cladding 
thickness of 0.42 BMT is not suitable for an ultimate wind speed of 41 mfs. Therefore 
increased cladding thickness, bracket lengths and optimisation will be required before this 
structure is adequate to withstand a 41 mfs ultimate design wind speed. Further details of the 
full-scale tests and the results can be found in Darcy and Mahendran (2001). 
Figure 5 Typical Cladding Failure 
Finite Element Analysis 
To conduct the finite element analysis study, a Silicon Graphics supercomputer was used. For 
the model generation and visualisation of the results, Patran 2000 was used. HKS/ Abaqus 5.8 
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was used for the analysis code (HKS, 1998). Non-linear analyses of the models were 
conducted to take into account the large geometric deformations that were observed during 
the full-scale testing. Elastic bifurcation buckling analyses were also conducted, and the first 
eigenvalue-buckling mode was used for the initial geometric imperfection for the non-linear 
analyses. The inclusion of residual stress can be extremely difficult and complicated, as 
generally there is a lack of knowledge about the residual stresses in cold-formed steel 
members (Schafer and Pekoz, 1998). As geometric imperfections generally have a greater 
influence on the ultimate load than residual stresses, and the fact that no data for the residual 
stress in the cold-formed cladding panels and brackets were at hand, no residual stresses were 
included in this study. Both elastic and plastic material properties for the test building system 
were included in this finite element study. In this analysis, the modulus of elasticity (E) and 
Poisson's ration (v) were taken as 200,000 MPa and 0.3, respectively. For the plastic material 
properties, a perfect plasticity assumption was used with a MisesIHill yield criteria. The yield 
stress values were determined from tensile test coupons in accordance with AS1391 (SA, 
1991). A convergence study was also undertaken to ensure that a sufficiently refined mesh 
was used. For all of the models, quadrilateral S4R5 shell elements were used. These 
elements are shear flexible and are a class of an isoparametric shell (HKS, 1998). Triangular 
STRI35 shell elements were used in transition areas from dense to coarse meshes. Symmetry 
was used in all of the models where appropriate. 
Three different finite element models which have different levels of complexity are presented 
in this paper. These three models, however, can be separated into two main types of models; 
strip models and full models (see Figure 6). The strip models only model one bay of the 
building system where as the full models model the whole building system. Two different 
strips models and a full model are presented in this paper. Details of each of the models will 
be discussed in the following sections. Each of the models ran simulations for live load, 
longitudinal wind and cross wind load cases determined in accordance with AS 1170 (SA, 
1989), however, only the cross wind load case results are included in this paper. 
Strip Model Full Model 
Figure 6 Main Finite Element Model Types 
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Simplified Strip Model 
The 'Simplified Strip Model' assumed that the cladding and the brackets were modelled as 
separate entities with contact surfaces between the cladding and the brackets. However, the 
major simplifying assumption was that the overlapping of the cladding panels at the ribs was 
only modelled as one entity. As a result of assuming that the overlapping of the cladding was 
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Mesh and Boundary Conditions of Brackets and Cladding for the 'Simplified 
Strip Model' 
To model the effects of the overlapping of the cladding in this model, the shell elements in the 
overlapped regions were given a greater shell thickness. For the overlapped ribbed sections 
of the cladding, a shell thickness of 0.84 mm (double that of the nominal cladding thickness 
of 0.42 mm) was given to allow for the overlap. This assumption was used in the preliminary 
models to aid in model construction and analysis solution time. A shell thickness of 1.5 mm 
was given to the brackets. For the remaining cladding that was not overlapped, a shell 
thickness of 0.42 mm was used. Figure 7 shows the brackets and the cladding modelled as 
separate entities (note that symmetry has been used where appropriate). MPC tie elements 
were used to simulate the bolted connections between the brackets and cladding. 
Figure 8 shows an overall view of the mesh for the simplified strip model with the MPC tie 
elements. A close up view of the mesh and MPC details at the knee connection can be seen in 
the inserts. These same details were used for the remaining bracket to cladding connections. 
A dense mesh (5mm x 10 mm) was provided on the surface of the cladding where the 
brackets were in contact. This dense mesh was extended 200 mm past these areas to 
accurately calculate the results for these high strain areas. Triangular elements were used on 
the cladding surface for a transition from the dense mesh at the ribs of the cladding panels to a 
coarse mesh in the pans of the cladding. As the theoretical stress results of the brackets were 
required for comparison with the experimental stress results, a dense mesh (5 mm x 10 mm) 
was also used for the brackets. 
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Figure 8 Cladding to Bracket Connection Details/or the 'Simplified Strip Model' 
The boundary conditions applied to the 'Simplified Strip Model' are shown in Figure 7. The 
notation for the constraint conditions used by Abaqus for these models are shown as follows: 
1- X axis translation 
2- Y axis translation 
3- Z axis translation 
4- X axis rotation 
5- Y axis rotation 
6- Z axis rotation 
On the nodes at the end of the base brackets, the boundary condition, 123456, was provided to 
achieve a fixed base connection (no translations and no rotations). This boundary condition 
was representative of the base brackets of the experimental test structure that were cast 
directly into the concrete slab. As the brackets used symmetry in the YZ plane along the 
centre line of the brackets, the boundary condition, 156, was applied to the edge nodes of the 
brackets on the YZ plane. This same boundary condition was also applied to the symmetry 
edge nodes on the ribs and pans of the cladding panels as shown in Figure 7. 
Complex Strip Model 
Unlike the 'Simplified Strip Model' the 'Complex Strip Model' accurately modelled the 
overlap of the cladding panels and the cladding to bracket connection as separate entities. 
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This resulted in a complex model that consists of top cladding panels, bottom cladding panels, 








Bottom Clad dings 
0.42mm 
I 
Mesh and Material Thickness of Cladding Panels and Brackets for the 
'Complex Strip Model' 
As each of these components was modelled as separate entities, the nominal base metal 
thicknesses of these components were used (0.42 mm for all cladding panels and 1.5 mm for 
the brackets). This model type contained about twice the number of elements as the 
'Simplified Strip Model' as two sets of ribs were modelled. To construct this model, the 
brackets were placed in contact with the bottom cladding panels, and the ribs of the top 
claddings were placed in contact with the ribs of the bottom claddings. As for the 'Simplified 
Strip Model', MPC tie elements were used to simulate the bolted connections. Figure 10 
shows the assembled view of the 'Complex Strip Model'. A close up view of the knee 
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Figure 10 Assembled View and Boundary Conditions of 'Complex Strip Model ' 
The mesh details are also shown in Figure 10. As for the other strip model, a fine mesh (5 
mm x 10 mm) was provided on the ribs at the end of the cladding panels. A coarser mesh was 
used in the pans of the cladding, with triangular elements used in the transition zone from the 
fine to coarse meshes. For the brackets, a fine mesh (5 mm x 10 mm) was used. The 
boundary conditions applied to the 'Complex Strip Model' are shown in Figure 10. As for the 
previous strip model, a fixed base connection was provided to the ends of the base brackets 
(123456). Symmetry in the YZ plane (156) was used along the symmetry edges of the top 
and bottom cladding panels. 
Simplified Full Model 
Using the same simplifications that were used for the 'Simplified Strip Model', the 
'Simplified Full Model' assumes that the overlapped ribbed sections of the cladding panels 
were modelled as one entity. The brackets however, were modelled as separate entities and 
contact surfaces were required. MPC tie elements were also used to simulate the bolted 
connections. However, unlike the 'Strip Models', the whole building system was modelled 
using symmetry where appropriate, dependent on the load case. Figure 11 shows the mesh 
and boundary conditions for both the brackets and the cladding panels for the cross wind load 
case. 
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Mesh and Boundary Conditions of Brackets and Cladding for the 'Simplified 
Full Model' 
As for the previous models, fixed base connections were provided at the base brackets. For 
the crosswind load case shown in Figure 11, symmetry in the YZ plane was used along the 
symmetry edges of the brackets and cladding as indicated. In total, over 300 MPC tie 
elements have been used in this model to simulate the bolted connections. As for all the 
previous model types, a dense mesh (5 mm x 10 mm) was provided for the brackets. This 
same mesh density was provided on the surfaces of the cladding that were in contact with the 
brackets, and for 200 mm past these areas. A coarser mesh was used for the pans of the 
cladding. Triangular STRI35 elements were used for the transition areas from the dense to 
coarse mesh areas. For the crosswind load case shown in Figure 11, over 200,000 shell 
elements were used. As used for the 'Simplified Strip Model', the brackets were given a shell 
thickness of 1.5 mm. Similarly, the overlapped ribbed sections of the cladding were given a 
shell thickness of 0.84 mm, and for the pans of the cladding, a shell thickness of 0.42 mm was 
used. As this model consisted of the full building system, many contact surfaces were 
required between the brackets and the cladding panels. In total 47 contact surface groups 
were used. This resulted in a complex model that was very time consuming to create and 
analyse. 
Results and Discussion 
Comparisons of the experimental and analytical results for the cross wind load case are 
contained in this section. Only results up to 60 % of the design wind load are shown and 
compared due to a cladding failure that occurred during testing. Figure 12 compares the 
average experimental vertical apex deflection with the analytical results. It is seen that both 
the 'Simplified Strip Model' and the 'Simplified Full Model' significantly underestimated the 
experimental deflection (29 mm and 34 mm, respectively, compared with 68 mm for the 
experimental value). However, it is shown that the 'Complex Strip Model' more closely 
matched the experimental deflection (52 mm compared with 68 mm). This indicated that the 
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assumption used for the 'Simplified Models' (overlapped ribs of the cladding having an 
equivalent material thickness double to that of the cladding panels) results in these models 
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Figure 12 Vertical Apex Deflection Results 
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A similar trend was seen for the horizontal knee deflections shown in Figure 13 where the 
'Simplified' models had less deflection than the 'Complex Strip Model'. It is also shown for 
the left knee deflection that the 'Strip" models deflected further than the 'Full' model, which 
was a result of the 'Full' model including the effects of diaphragm action. The importance of 
including the effects of diaphragm action was particularly seen for the right knee deflection 
(leeward knee bracket). Figure 13 shows that for the right hand knee deflection, neither the 
'Simplified Strip Model' or the 'Complex Strip Model' can predict the direction of the sway 
of the test building (-5.5 mm and -7.9 mm, respectively, compared with 11.2 mm for the 
experimental result) as a result of not including the effects of diaphragm action. Thus, for the 
analytical models to accurately simulate the sway of the testing structure, the effects of 
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Figure 13 Horizontal Knee Deflection Results 
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Analytical membrane stresses in the longitudinal direction of the ribs and flanges of the 
windward and leeward base brackets are shown in Figures 14 and 15, respectively, and have 
been compared with measured experimental values. It can be seen that up to 60 % of the 
design load that the stress behaviour typically follows a linear trend. Figure 14 shows that the 
analytical membrane stresses for the windward base bracket have a reasonable agreement 
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with the measured experimental results. It can also be seen that analytical results from the 
'Strip' models are greater than that from the 'Full' model which is likely to be a result of the 
greater sway found in the 'Strip' models (see Figure 13). A similar trend was also observed 
for the windward knee bracket. It was found that for the windward brackets and cladding 
(highest stress region) of the analytical models that the 'Complex Strip Model' gave the most 
conservative (greatest) results. As was found for the leeward knee deflection results (right 
knee bracket), it was found that only the 'Simplified Full Model' could accurately predict the 
leeward base bracket membrane stresses (see Figure 15). Both the 'Simplified Strip Model' 
and 'Complex Strip Model' were unable to accurately predict the measured experimental 
results. This was a result of these analytical models being unable to accurately predict the 
sway of the leeward wall of the test structure as shown in Figure 13, as they did not include 
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During the full-scale test program, local buckling deformation of the cladding panels at the 
windward knee brackets was observed and resulted in a local buckling of the knee bracket to 
cladding connection (see Figure 16). A comparison of the local deformations of the top 
cladding panel of the 'Complex Strip Model' was made with the experimental deflected shape 
and a good correlation was found. A comparison of the analytical and experimental 
membrane stresses of the top cladding panel at a location of 100 mm below the bolted 
connection has also been made in Figure 17. This figure shows that the analytical results are 
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slightly greater than the experimental results which is likely to be due to increased sway of 
this model as the effects of diaphragm action were not included. However, a reasonable 
correlation between results can still be seen, indicating that the 'Complex Strip Model' was 
capable of simulating the first failure mode of the experimental test building. 
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Figure 17 Membrane Stress in Rib of Wall Cladding Panel 
The comparisons of the analytical and experimental results have shown that both the 
'Complex Strip Model' and the 'Simplified Full Model' have their advantages and 
disadvantages. It has been shown that the 'Complex Strip Model' accurately models the 
overlapping of the cladding panels which resulted in more accurate vertical deflections. This 
model was also capable of predicting the failure mode of the test structure; however, it was 
unable to predict the sway of the test building system as it did not include the effects of 
diaphragm action. The 'Simplified Full Model' included the effects of diaphragm action and 
more accurately predicted the sway of the structure, however, because of the simplifications 
used with this model, it was unable to predict the failure mechanism. Therefore, it becomes 
549 
clear that a 'Complex Full Model' needs to be created to accurately predict the sway and the 
failure mode of this complex building system. Once this model has been created and 
calibrated with experimental results, this model will then be adequate to be used for 
optimisation of this innovative building system. 
Conclusions 
This paper has presented the details of an innovative cold-formed steel building system, full-
scale testing and a summary of the analytical modelling to date. Two simplified models 
which assume the overlap of the cladding panels as one entity and a complex model which 
models the overlap of the cladding panels as separate entities were created and the results 
were compared with experimental results. The analytical results have shown that the 
simplified models are stiffer than the test structure and underestimate the experimental 
deflections. It was also shown that the inclusion of the effects of diaphragm action was 
important to predict accurate sway of the test building system under cross wind loads, and 
without including these effects, conservative stress results were obtained for the windward 
brackets and cladding of the analytical models. The 'Complex Strip Model' was able to 
predict the first failure mechanism of the test building system. It was shown that there is a 
need to create a 'Complex Full Model' which includes the effects of diaphragm action and 
accurately simulates the failure mode. It is proposed that this model should then be used to 
optimise and strengthen the building system to withstand the required wind load rating. 
References 
Darcy, G. and Mahendran, M. (2001), 'Full-Scale Tests of a New Cold-Formed Steel 
BujIding System', Proceeding of the 9th Nordic Steel Construction Conference, Helsinki, 
Finland, pp437-446. 
Hibbit, Karlsson & Soresnen, Inc. (HKS) (1998), 'Abaqus User's Manuals', USA 
Schafer, B. W., and Pekoz, T. (1998), 'Computational modelling of cold-formed steel: 
characterizing geometric imperfections and residual stresses', Journal of Constructional Steel 
Research, vol. 47(3), pp 193-210 
Standards Australia, (SA) 1989, SA Loading Code, AS1170 
Standards Australia, (SA) 1991, SA Methods for Tensile Testing of Metals, AS 1391 
